We report our measurement of the rate of change of period with time (Ṗ ) for the 215 s periodicity in the pulsating white dwarf G 117-B15A, the most stable optical clock known. After 31 years of observations, we have finally obtained a 4 σ measurementṖ observed = (4.27 ± 0.80) × 10 −15 s/s. Taking into account the proper-motion effect ofṖ proper = (7.0±2.0)×10 −16 s/s, we obtain a rate of change of period with time ofṖ = (3.57 ± 0.82) × 10 −15 s/s. This value is consistent with the cooling rate in our white dwarf models only for cores of C or C/O. With the refinement of the models, the observed rate of period change can be used to accurately measure the ratio of C/O in the core of the white dwarf.
Introduction
G 117-B15A is a pulsating white dwarf with a hydrogen atmosphere, a DAV, also called a ZZ Ceti star (McGraw 1979) . These stars show multi-periodic non-radial g-mode pulsations that can be used to measure their internal properties and rate of evolution.
McGraw & Robinson (1976) found the star was variable, and Kepler et al. (1982) studied its light curve, finding 6 simultaneous pulsations. The dominant mode has a period of 215 s, a fractional amplitude of 22 mma (milli-modulation amplitude = 1/1.086 milli magnitude), and is stable in amplitude and phase. The other smaller pulsation modes vary in amplitude from night to night (Kepler et al. 1995) , suggesting the presence of unresolved components. Because the DAVs appear to be normal stars except for their variability (Robinson 1979; Bergeron et al. 1995 Bergeron et al. , 2004 , i.e., an evolutionary stage in the cooling of all white dwarfs, it is likely that the DAV structural properties are representative of all DA white dwarfs. Mukadam et al. (2004a) and Mullally et al. (2005) discovered 46 new ZZ Cetis and more than doubled the number of known variables, using T eff and log g values derived from the optical spectra obtained by the Sloan Digital Sky Survey (Kleinman et al. 2004 ). While Bergeron et al. (1995 Bergeron et al. ( , 2004 find the ZZ Ceti instability strip to be pure, i.e., contain no nonvariable stars, Mukadam et al. (2004a,b) ; Mullally et al. (2005) find several stars inside the instability strip for which they could detect no variability above their detection threshold. It is necessary to obtain S/N ≥ 50 spectra of the non-variables within the strip and re-analyze their T eff and log g values, and also to obtain additional time series photometry on these stars, to ensure that they are not low amplitude variables, and re-study the purity of the instability strip.
We report our continuing study of the star G 117-B15A, also called RY LMi and WD 0921+354, one of the hottest of the ZZ Ceti stars. We expect that the rate of change of a pulsation period with time for g-mode pulsations in white dwarf stars to be directly related to its evolutionary timescale (Winget et al. 1983) , allowing us to infer the age of a cool white dwarf since its formation. We have been observing the star since 1974 to measure the rate of period change with time (Ṗ ) for the largest amplitude periodicity. Using all the data obtained from 1974 through 1999, Kepler et al. (2000) arrived at a determination oḟ P = (2.3 ± 1.4) × 10 −15 s/s.
G 117-B15A was the first pulsating white dwarf to have its main pulsation mode index identified. The 215 s mode is an ℓ = 1, as determined by comparing the ultraviolet pulsation amplitude (measured with the Hubble Space Telescope) to the optical amplitude (Robinson et al. 1995) . Kotak et al. (2004) confirm the ℓ measurement for the P=215 s pulsation, and show that the other large amplitude modes, at 271 s and 304 s, show chromatic amplitude changes that do not fit the theoretical models, using time-resolved spectra obtained at the Keck Telescope. Robinson et al. (1995) , and Koester, Allard, & Vauclair (1994) derive T eff near 12,400 K, while Bergeron et al. (1995 Bergeron et al. ( , 2004 using a less efficient model for convection, derive T eff =11,630 K. Kepler (1984) demonstrated that the observed variations in the light curve of G 117-B15A are due to non-radial g-mode pulsations. Kepler et al. (2000) show the models predict the effect of radius change due to still ongoing contraction to be an order of magnitude smaller than the cooling effect on the rate of period change.
G 117-B15A is proving to be a useful laboratory for particle physics . Corsico et al. (2001) calculated the limit on the axion mass compatible with the then observed upper limit to the cooling, showing m a cos β ≤ 4.4 meV and Kepler (2004) demonstrates axion cooling would be dominant over neutrino cooling for the lukewarm white dwarf stars for axion masses of this order. Biesiada & Malec (2002) show that the 2σ upper limit published in Kepler et al. (2000) limits the string mass scale M S ≥ 14.3 TeV/c 2 for 6 dimensions, from the observed cooling rate and the emission of Kaluza-Klein gravitons, but the limit is negligible for higher dimensions. Benvenuto et al. (2004) show the observed rates of period change can also be used to constrain the dynamical rate of change of the constant of gravityĠ. Bradley (1996 Bradley ( , 1998 used the mode identification and the observed periods of the 3 largest known pulsation modes to derive a hydrogen layer mass lower limit of 10 −6 M * , and a best estimate of 1.5 × 10 −4 M * , assuming k = 2 for the 215 s mode, and 20:80 C/O core mass. The core composition is constrained mainly by the presence of the 304 s pulsation. Benvenuto et al. (2002) show the seismological models with time-dependent element diffusion are only consistent with the spectroscopic data if the modes are the ℓ = 1, k=2, 3, and 4, and deduces M = 0.525 M ⊙ , log(M H /M * ) ≥ −3.83 and T eff = 11 800 K. Their best model predicts: parallax Π=15.89 mas,Ṗ = 4.43×10
−15 s/s, for the P=215 s,Ṗ = 3.22×10 −15 s/s, for the P=271 s, andṖ = 5.76 × 10 −15 s/s, for the P=304 s periodicities. We observed the light through a BG40 filter to maximize the signal-to-noise ratio (S/N) because the pulsation amplitudes are small (2%), the star is faint (V=15.52, Eggen & Greenstein 1965) , and also because the non-radial g-mode light variations have the same phase in all colors but the amplitudes decrease with wavelength. For example, a filter-less observation with Argos gives an amplitude around 40% smaller for G 117-B15A.
Observations

Data Reduction
We reduce and analyze the data in the manner described by Nather et al. (1990) , and Kepler (1993) . We bring all the data to the same fractional amplitude scale, and the times from UTC to the uniform Barycentric Julian Coordinated Date (TCB) scale, using JPL DE405 ephemeris (Standish 1998 (Standish , 2004 to model Earth's motion. We compute Fourier transforms for each individual run, and verify that the main pulsation at 215 s dominates each data set and has an amplitude stable up to 15%, our uncertainty in amplitude due to the lack of accurate time-and color-dependent extinction determination.
Time Scale for Period Change
As the dominant pulsation mode at P=215 s has a stable frequency and amplitude since our first observations in 1974, we can calculate the time of maximum for each new run and look for deviations.
We fit our observed time of maximum light to the equation:
), E is the epoch of the time of maximum, i.e, the integer number of cycles after our first observation, T 0 max is the time of maximum assumed, T 1 max is the time of maximum that best fit the parabola, P is the period that best fit the parabola, and P t=T 0 max is the period assumed at T 0 max 1 . The times of maxima are calculated by a linear least-squares fit of the light curve of each night to a sum of the six detected frequencies. They are shown in Table 6 .
In Figure 1 , we show the O-C timings after subtracting the correction to period and epoch, and our best fit curve through the data. The size of each point is proportional to its weight, i.e., inversely proportional to the square of uncertainty in phase. The error bars plotted are ±1σ. From our data through 2005, we obtain a new value for the epoch of maximum, T 0 max = 244 2397.9175141 TCB ± 0.41 s, a new value for the period, P = 215.1973888 ± 0.0000004 s, and most importantly, a rate of period change of: P = (4.27 ± 0.80) × 10 −15 s/s.
1 Fitting the whole light curve with a term proportional to sin
t + φ by non-linear least squares
gives unreliable uncertainty estimates and the alias space in P andṖ is extremely dense due to 31 yr data set span (O'Donoghue 1994; Costa et al. 1999) . Our non-linear least squares result isṖ = (3.38 ± 0.0013) × 10 −15 s/s.
We use linear least squares to make our fit, with each point weighted inversely proportional to the uncertainty in the time of maxima for each individual run squared. We quadratically add an additional 1s of uncertainty to the time of maxima for each night to account for external uncertainty caused perhaps by the beating of possible small amplitude pulsations (Kepler et al. 1995) or the small modulation seen in Figure 1 . The amplitude, 1s, is chosen from the Fourier transform of the (O-C) shown in Figure 2 , and is in agreement with Kopeikin & Potapov (2004) conclusion that the Fourier analysis of the Times of Arrival (TOA) gives unbiased information about the noise. Such external uncertainty is also consistent with Splaver et al. (2005) who show that the true uncertainties of the times of arrival of the milli-second pulsars are generally larger than the formal uncertainties, and that a quadratic term is added to them to fit the observations.
Discussion
While it is true that the period change timescale can be proportional to the cooling timescale, it is also possible that other phenomena with shorter timescales can affectṖ . The cooling timescale is the longest possible one.
As a corollary, if the observedṖ is low enough to be consistent with evolution, then other processes, such as perhaps a magnetic field or diffusion induced changes in the boundary layers, are not present at a level sufficient to affectṖ .
For the first time we also report on the search for the rates of period changes for the other relatively large amplitude modes of G 117-B15A, dP/dt = (36.0 ± 7.2) × 10 −15 s/s for the 270s periodicity, and dP/dt = (74 ± 15) × 10 −15 s/s for the 304s periodicity. They are much larger than the one derived for the main pulsation, which has a region of period formation deeper in the core, but are in line with the measurements for the 274s modes in ZZ Ceti (Mukadam et al. 2003) . The models to date, without rotation, differential rotation, and magnetic fields, do not explain such values, or the chromatic amplitude changes reported by Kotak et al. (2004) . Kepler et al. (1995) show the 270s and 304s periodicities have significant amplitude changes, indicative of multiple components or resonances. Pajdosz (1995) discusses the influence of the proper motion of the star on the measured
Theoretical Estimates and Corrections
Proper Motion
where v r is the radial velocity of the star. Assuming v r /c ≪ 1 he deriveḋ
whereṖ pm is the effect of the proper motion on the rate of period change, P is the pulsation period, µ is the proper motion and d is the distance. The proper motion, µ = 0.136 ± 0.002 "/yr, and the parallax, Π = (0.0105 ± 0.004) ", are given by van Altena et al. (1995) . But the parallax has a large uncertainty and does not agree with other estimates of the distance. Munn et al. (2004) 2 derived from their optical spectra, we obtain a distance of 58 ± 2 pc, equivalent to a spectroscopic parallax of 0.0172 ± 0.0005". But G 117-B15A has International Ultraviolet Explorer (IUE) and Hubble Space Telescope (HST) Faint Object Spectrograph (FOS) flux calibrated spectra (Koester, Allard, & Vauclair 1994 ) that can also be used to estimate the distance, if we use the evolutionary models of Wood (1995) or Panei et al. (2000) to estimate the radius from T eff and log g and fit the observed fluxes to a model atmosphere calculated by Detlev Koester, similar to that described in Finley et al. (1997) , but with an ML2/α=0.6 convection description consistent with Bergeron et al. (1995) and Koester & Holberg (2001) . The IUE spectra re-calibrated according to the New Spectroscopic Image Procession System (NEWSIPS) data reduction by NASA was published by Holberg, Barstow, & Burleigh (2003) . From the IUE spectra we get a distance of d = 59 ± 6 pc. The HST spectra, shown in Figure 3 , fits a distance of d = 67 ± 5 pc. Table 1 lists all the available distances to G 117-B15A.
Taking the average value of proper motion and distance, we estimatė Bradley (1998) 61 Seismology from Benvenuto et al. (2002) 63 Mean 67 ± 14
Pulsation Models
We compare the measured value ofṖ with the range of theoretical values derived from realistic evolutionary models with C/O cores subject to g-mode pulsations in the temperature range of G 117-B15A. The adiabatic pulsation calculations of Bradley (1996) , and Brassard et al. (1992 Brassard et al. ( , 1993 , which allow for mode trapping, giveṖ ≃ 2 − 7 × 10 −15 s/s for the ℓ = 1, low k oscillation observed. Benvenuto et al. (2004) estimated the theoreticalṖ for the three modes of G 117-B15A, even allowing for a dynamical change on the gravity constant, as we show in section 1. The observed P/Ṗ = 1.9 ×10 9 yr, equivalent to 1 s change in period in 8.9 million years, is within the theoretical predictions and very close to it. We have therefore measured a rate consistent with the evolutionary time scale for this lukewarm white dwarf.
Core Composition
For a given mass and internal temperature distribution, theoretical models show that the rate of period change increases if the mean atomic weight of the core is increased, for models which have not yet crystallized in their interiors. As the evolutionary model cools, its nucleus crystallizes due to Coulomb interactions between the ions (Lamb & van Horn 1975) , and crystallization slows down the cooling by the release of latent heat. Montgomery & Winget (1999) describe the effect of crystallization on the pulsations of white dwarf stars, but G 117-B15A is not cool enough to have a crystallized core (Winget et al. 1997) , or even for the convective coupling described by Fontaine et al. (2001) to occur.
The heavier the particles that compose the nucleus of the white dwarf, the faster it cools. The best estimate of mean atomic weight A of the core comes from the comparison of the observedṖ with values from an evolutionary sequence of white dwarf models. Brassard et al. (1992) computed the rates of period changes for 800 evolutionary models with various masses, all with carbon cores but differing He/H surface layer masses, obtaining values similar to those of Winget et al. (1981) , Wood & Winget (1988) , and Bradley & Winget (1991) . The average value ofṖ for all ℓ = 1, 2 and 3 modes with periods around 215 s in models with an effective temperature around 13,000 K, and a mass of 0.5 M ⊙ , is:Ṗ (C core) = (4.3 ± 0.5) × 10 −15 s/s. Benvenuto et al. (2004) C/O models giveṖ (C/O core) = (3 − 4) × 10 −15 s/s. Using a Mestel-like cooling law (Mestel 1952; Kawaler et al. 1986 ), i.e.,Ṫ ∝ A, where A is the mean atomic weight in the core, we can write:
The observed rate of period change is therefore consistent with a C or C/O core. The largest uncertainty comes from the models.
Reflex Motion
The presence of an orbital companion could contribute to the period change we have detected. When a star has an orbital companion, the variation of its line-of-sight position with time produces a variation in the time of arrival of the pulsation maxima, by changing the light travel time between the star and the observer by reflex motion of the white dwarf around the barycenter of the system. Kepler et al. (1991) estimated a contribution toṖ caused by reflex orbital motion of the observed proper motion companion of G 117-B15A in their equation (10) as:
where a T is the total separation and M B is the mass of the companion star. In the above derivation they have also assumed the orbit to be nearly edge on to give the largest effect possible. Only the acceleration term parallel to the line of sight contributes toṖ . Even though G 117-B15A and G 117-B15B are a common proper motion pair (Giclas et al. 1963; van Altena et al. 2001) , there is no other evidence they form a real binary system. Kotak et al. (2004) classifies G 117-B15B as an M3Ve from its spectra, obtained with the 10 m Keck I telescope, and measured log g ≃ 4.5 and T eff ≃ 3400 K. With V B = 16.1 (Harrington & Dahn 1980; van Altena et al. 2001 ) and M B V ≃ 10.4 ± 0.9 (Lang 1991) with the uncertainty coming from a possible misclassification in the spectral type of G 117-B15B from M3V to M4V. Such uncertainty arises from the TiO and CaOH bands seen by Kotak et al. (2004) and the (B-V)=1.63 (Harrington & Dahn 1980) . Its spectroscopic distance is d B = 138 ± 47 pc. G 117-B15B is chromospherically active (Kotak et al. 2004 ) and a flare star (Nather & Mukadam 2004 ). G 117-B15A and B were imaged by SDSS DR3, with u A = 15.92, g A = 15.54, r A = 15.64, i A = 15.80, z A = 16.06, and u B = 19.38, g B = 16.95, r B = 15.46, i B = 13.97, z B = 13.16, which also measure a separation of 13.4". They were also observed by 2MASS (Cutri et al. 2003) , with J A = 15.599 ± 0.065, H A = 15.614 ± 0.12, and J B = 11.599 ± 0.018, H B = 11.156 ± 0.12, and separation of 13.4". Using Pickles (1998) main sequence spectral templates convolved with SDSS filters, our best fitting template is an M4V, with M B V = 11.54, and a distance of 82 pc. Using Hawley et al. (2002) calibration for the infrared colors, G 117-B15B is consistent with the M3V spectral type, and the (i-z) colors correspond to M With a separation around 13.4 arcsec a T = (898 ± 188) AU, corresponding to an orbital period around (28 500 ± 2200) years, we getṖ orbital ≤ (1.6 ± 1.6) × 10 −15 s/s. The large uncertainty takes into account the possibility the orbit might be strongly elliptical. Greaves (2004) , in his section 4.3.1, discusses common proper motion pairs which possibly do not form a physical binary. If G 117-B15A and B form a real binary system, the contribution of an orbital reflex motion to the observedṖ might account for one half of the observedṖ .
The whole observed rate of period change could also be caused by a planet of Jupiter's mass orbiting the white dwarf at a distance of 31 AU, which corresponds to an orbital period of 223 yr, or a smaller planet on a closer orbit (see Figure 4) . A planet with Jupiter's mass any closer to the white dwarf would lead to a largerṖ . Duncan & Lissauer (1998) show that such a planet would survive the post-main sequence mass loss. Note that reflex motion produces periodic variations on the O − C, which are distinguishable from parabolic variations after a significant portion of the orbit has been covered.
As discussed by Damour & Taylor (1991) , any relative acceleration of the star with respect to the barycenter of the solar system will contribute to the observedṖ . Their equations (2.2) for the differential galactic orbits, decomposed in a planar contribution (2.12), where the second term is the proper motion correction, and a perpendicular contribution (2.28), applied to G 117-B15A, show the galactic contribution to be exactly the one calculated above for proper motion, i.e., the other terms are negligible (2 to 3 orders of magnitude smaller).
Conclusions
We have measured the rate of change of the main pulsation period for the T eff ≃ 12000 K pulsating DA white dwarf G 117-B15A, the first ZZ Ceti to have its evolutionary rate of change measured, confirming it is the most stable optical clock known, with a rate of change of 1 s in 8.9 million years and a precise laboratory for physics at high energy. It is important to notice that mode trapping, a resonance between the local pulsation wavelength with the thickness of one of the compositional layers, can reduce the rate of period change by up to a factor of 2 (Bradley 1996) , but the changes in the trapping layers are still caused by cooling.
It has taken a huge investment of telescope time to achieve such precision, but not only have we measured the cooling rate of this 400 million year old white dwarf (Wood 1995) , excluding the time the star took to reach the white dwarf phase, we have also demonstrated it does not harbor planetary bodies similar to Jupiter in mass up to a distance around 30 AU from the star or smaller planets with light travel time effects on the white dwarf larger than 1s.
We claim that the 215 s periodicity in G 117-B15A is the most stable optical clock known. Santra et al. (2004) and Hoyt et al. (2005) discuss projects to build optical atomic clocks based on single trapped ions, or several laser cooled neutron atoms, of strontrium or ytterbium, expected to reach an accuracy ofṖ ≤ 2 × 10 −17 s/s. Considering their periods are 2.5 × 10 −15 s and 1.9 × 10 −13 s, even though they will be more accurate than G 117-B15A, they will be much less stable, as their timescales for period changes, P/Ṗ , are 125 s and 3 h, compared to 2 Gyr for G 117-B15A. Even the Hulse & Taylor's millisecond pulsar (Hulse & Taylor 1975) , has a timescale for period change of only 0.35 Gyr (Damour & Taylor 1991) , but the radio millisecond pulsar PSR J1713+0747 (Splaver et al. 2005) haṡ P = 8.1 × 10 −21 s/s, and a timescale of 8 Gyr, and PSR B1885+09=PSR J1857+0943 witḣ P = 1.78363 × 10 −20 s/s has a stability timescale of 9.5 Gyr (Kaspi et al. 1994) . Together with these millisecond pulsars, G 117-B15A may be used as the most stable known natural frequency and time-keeping standards [e.g. Kopeikin & Potapov (2004) ]. The white dwarf has the advantage of not having glitches and less severe general relativistic corrections.
It is essential to note that the measured rate of period change is consistent with the cooling rate in our white dwarf models only for cores of C or C/O. With the refinement of the models, the observed rate of period change can be used to accurately measure the ratio of carbon to oxygen in the core of this normal white dwarf, and therefore help in constraining the C(α, γ)O cross section.
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M P M J P 2/3 (yr) i.e., a 1s light travel time, as the limit shows, for planets with masses between 1.6 M J and 0.27 M J =87 M ⊕ , for periods between 6 months and 7 yr, respectively. The highest peak, at a frequency of 1.85 yr −1 , corresponding to a period of 6.5 months, is extremely hard to study in our data set, as we normally observe for only 3 months separated by 1 year. These variations can be caused by beating of very closely spaced pulsations (Kepler et al. (1995) ), and we must take into account that multiplets cause non-sinusoidal variations, as the triplet in G 226-29 studied by Kepler et al. (1983) . The filled dots represent known extrasolar planets around their stars, while the open circles represent solar system planets around the Sun. The short period limit is the limit on the mass of a planet that would produce a peak in the Fourier transform smaller than those seen in Fig. 2 . The long period limit is the mass limit of a companion that would account for the observedṖ . Any planet above both lines would have been detected.
